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This paper deals with an experimental study of Phase Change Materials (PCMs) by DSC and focuses
particularly on the inﬂuence of PCMs damage on their thermodynamic properties. First, different series
of tests were performed on non-damaged PCMs (reference) using different masses and heating rates in
order to optimize the choice of the experimental parameters used in DSC test. Accordingly, the speciﬁc
heats at solid, liquid phases and the latent heats of PCMs were obtained. In addition, a fast approximate
approach was suggested for the determination of the heat capacity of PCMs from a direct exploitation of
the heat ﬂux curves obtained by scanning PCMs at different heating rates. Finally, damaged PCMs were
investigated and their thermal properties (speciﬁc heat and phase change enthalpy) were compared to
the reference PCMs. It was shown from the obtained results that low heating rates are more suitable for
PCMs scanning during DSC measurements in order to ensure a thermodynamic equilibrium within the
sample. Furthermore, the results highlighted that damage of PCMs can lead to the loss of their speciﬁc
heat capacity of about 28% compared to the non-damaged PCMs.
1. Introduction
During recent years, the total world energy consumption and
the associated CO2 emissions in commercial and residential
buildings are rising dramatically [1]. To cope-up with this hazar-
dous situation, the solar Thermal-Energy Storage (TES) in building
structures has shown to be a promising solution aiming to the
reduction of the energy consumption and the improvement of the
indoor thermal conditions [2]. One of the options for the achieve-
ment of the TES technology is the use of Phase Change Materials
(PCMs) which have the ability to store and release a high amount
of energy by latent heat [3]. Typically classiﬁed into three families:
organic, inorganic and eutectic [4,5], PCMs have shown good
stability and compatibility with the cement-based construction
materials [6], thereby offering a rational and intelligent manage-
ment of the energy use in buildings. From apart the environmental
and economical beneﬁts of PCMs technology, the thermal comfort
of the occupants can be signiﬁcantly improved [7,8] in both
domestic and commercial buildings by the decreasing of the
indoor temperature on the one hand, and the smoothing of the
thermal ﬂuctuations on the other one [9].
PCMs can be microencapsulated in a polymer shell in order to
prevent the leakage of the core material during their melting. The
microencapsulation technique is also advantageous because it
provides an exchange surface between PCMs and the surrounding
material contributing therefore to the improvement of the thermal
transfer conditions. The morphology of microcapsules depends
mainly on the core material and the deposition process of the
shell. There are three basic morphologies of microcapsules: Mono-
nuclear, Polynuclear and matrix-encapsulation. In addition to
these morphologies, microcapsules can also be monocuclear with
multiple shells, or they may form clusters of microcapsules. For
further information regarding PCMs encapsulation technique, the
readers could consult the detailed review papers of [10,11] where
some investigations on microencapsulated PCMs for thermal
energy storage in building applications are described.
So far, many researchers have focused on the use of PCMs in
building sector and their association with the construction mate-
rials (concrete, gypsum…) in order to enhance the overall thermal
inertia of the structure. A particular interest has been paid to
organic PCMs, for instance, which present several attractive
properties making them good candidates for incorporation in the
building materials. Some of their advantages can be their
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availability in a large temperature range, their chemical stability,
the little super-cooling phenomenon and phase segregation, etc.
Meshgin et al. [12] focused on the study of the thermal and
mechanical properties of concrete modiﬁed with PCMs. Later on,
Hunger et al., [13] used microencapsulated PCMs in self-
compacting concrete and studied their effect on the concrete
behavior. Recently, Eddhahak et al. [14] worked on the effect of
PCMs when incorporated in cement Portland concrete and used a
multi-scale approach to evaluate the thermal properties of the
PCM-concrete. The main conclusions drawn from these works can
be summarized in the improvement of the heat storage capacity of
the PCM-concrete on the one hand, and the loss of its mechanical
strength with the addition of PCMs on the other one. More
recently, it was highlighted in a previous work [15] some reasons
which could explain the decrease of the mechanical strength of
concrete with PCMs by the investigation of the cement hydration
reaction track. Although the numerous studies and the extensive
literature focused on PCMs, many queries are still raised regarding
this technology and its sustainability from an energy efﬁciency point
of view especially when integrated in the construction material. In
our sense, this confusion can be associated to the fact that the PCMs
characteristics themselves are not sufﬁciently well controlled
because of the lack of speciﬁc standards and methods for the
tabulation and exploitation of results derived from experiments
[16,17]. For instance, the determination of the thermodynamic
properties of PCMs is not straightforward as it can be imagined,
since typical heating and cooling rates used in DSC measurements
(5–10 K/min) are in anyway compatible for PCMs case and much
attention has to be paid to the test parametric control in order to
avoid wrong estimations of their thermal characteristics [18]. More
precisely, the inﬂuence of the heating rate taking into account the
investigated volume has been studied in very few papers but more
research is needed [19]. Thus, in order to control the performance of
the PCM-based material, the inherent properties of PCMs themselves
shall be well known with sufﬁcient accuracy. In this context, many
researches focused on the investigation of the thermal properties of
PCMs. Jin et al. [20], for instance, suggested a new experimental
method by DSC called the partially-melted DSC method, for the
determination of the melting temperature range of PCMs. However,
the estimation of the starting melting temperature was not accu-
rately determined by the authors. Barreneche et al. [21] focused on
the comparison of dynamic and step DSC modes for the investigation
of organic and inorganic PCMs. They concluded that both methods
can be suitable for parafﬁn materials and recommended a slower
scanning rate for their study. Nevertheless, no quantitative informa-
tion on the optimal sample mass was given in their study.
All of these works focused on the study of PCMs properties in
their natural state but to our knowledge, no research has been
undertaken to study the PCMs in their modiﬁed or damaged state in
relation with the messy aspects of processing. Namely, it shall be
emphasized that PCMs can be subjected to damage when incorpo-
rated in the cementitious mixture. Furthermore, it was revealed by
SEM observations of PCM-concrete in a previous research [13] that
the concrete manufacture can lead to the capsules deterioration
especially when PCMs are introduced at the ﬁrst stage of the mixing
process. It shall be emphasized that PCMs damage can exhibit
several drawbacks since their deterioration may result in the
breakage of the polymer shell capsules and therefore the leakage
of the parafﬁn active material in the surrounding matrix. Accord-
ingly, both energy efﬁciency and stability of damaged PCMs and
their effective contribution to the improvement of the thermal
characteristics of the construction material are questioned. In order
to determine the effect of PCM damage on their thermodynamic
properties, it is ﬁrst necessary to assess reliable and accurate
experimental methods for their investigation. This means that the
experimental parameters related to the experimental conﬁguration
have to be properly controlled.
In this context, the aim of the present research is twofold
(i) To perform ﬁrst a thermal analysis of PCMs by DSC in order to
identify and optimize the set of experimental parameters to be
used for PCMs testing by DSC; and
(ii) to draw conclusions from the results DSC parameters optimi-
zation in order to provide qualitative and quantitative infor-
mation as regards the inﬂuence of PCMs damage on their
thermodynamic properties.
2. Materials and methods
2.1. PCMs description
Organic parafﬁnic PCMs called Micronals DS 5038X in powder
form (from BASF) are considered in this study. They are composed of a
mixture of parafﬁn waxes with a melting point of 25 1C and a phase
change enthalpy of 100 kJ/kg according to the manufacturer. The
parafﬁn is microencapsulated in a plastic layer of polymethyl metha-
crylate (PMMA). The microencapsulation technique is used to facilitate
the incorporation of the phase change material into the construction
material and to prevent the parafﬁn leakage during the PCMs melting.
2.2. Damaged PCMs
In order to study the effect of PCMs deterioration on their
thermodynamic properties, some capsules were intentionally
Nomenclature
Latin letters
Cp Speciﬁc heat capacity (J/kg K)
k Calibration coefﬁcient
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Superscripts
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Subscripts
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s solid
l liquid
subjected to damage in laboratory. Placed between two glass
slides, PCMs were sheared manually by moving the slides in order
to simulate the shear forces of the mixing process. After, the
damaged capsules were observed by Scanning Electron Micro-
scopy (SEM ZEISS Supra 40 VP) in the same conditions than the
non-damaged PCMs.
2.3. Measurements of DSC heat ﬂux and speciﬁc heat
The Differential Scanning Calorimeter (DSC) technique was
used for the thermal characterization of both damaged and non-
damaged PCMs. The DSC technique is useful for the determination
of several thermodynamic properties of a material such as the
melting and freezing temperatures, the speciﬁc heat, the phase
change enthalpies etc. In this study, the experiments were per-
formed using a DSC 204 F1 Phoenix from Netzsch under a nitrogen
atmosphere by considering different masses and dynamic rates.
Typical heating rates of about 5–10 K/min are often used in
standard calorimetric methods. However, it shall be pointed out
that these rates could not be compatible with PCMs due to their
low thermal conductivity.
Accordingly, in order to optimize the experimental parameters
governing the DSC test, many investigations were performed using
various dynamic rates and sample masses. For the ﬁrst series of
experiments, the mass was maintained constant (12 mg) and
several dynamic rates ranging between 0.5 and 20 K/min were
tested. Whereas, in the second series of experiments, the dynamic
rate was kept constant (0.5 K/min) and three different sample
masses were tested (8 mg, 10 mg and 12 mg). For the two experi-
mental conﬁgurations, three tests were performed and the average
result is considered. The temperature ranges considered for this
study were chosen such as to be close to the natural climate
temperatures expected in building applications.
The DSC technique allows the direct knowledge of the heat
ﬂuxes per unit mass of the material managed by the DSC machine
in order to maintain the same temperature between the reference
and the sample
Φ¼ΦrΦs ¼ k:ðTrTsÞ ð1Þ
Because of the thermal inertia of the sample being tested, Ts is
deviated from Tr. The latter is prescribed by the thermal program
as
Tr ¼ T ðt ¼ 0Þ þβt ð2Þ
Eq. (1) can be expressed in terms of the speciﬁc heats as
following:
Φ¼ β:ðCprCpsÞ ð3Þ
Where Cpr and Cps denote respectively the speciﬁc heats of the
total reference cell and the total sample cell.
Note that Eq. (3) is available when no thermal event occurs
during the test i.e. when a thermodynamic equilibrium is reached
within the sample. In the opposite case for which a phase change
occurs, the heat ﬂux is no longer constant since a higher heat ﬂux
shall be supplied or subtracted to the sample cell in order to keep
it at the same temperature as the reference one.
For the measurement of the speciﬁc heat (Cp), three DSC tests
were conducted: a measurement of the base line, the standard
(sapphire) and the sample. Then the ratio method was used in
order to deduce the speciﬁc heat. For further details regarding the
methodology of the Cp measurement, the readers could consult
the work of [14].
Fig. 1. SEM observations of PCMs: (a), and (b) Non-damaged PCMs (c), and (d) Damaged PCMs.
3. Results and discussion
3.1. SEM observations
The observations of PCMs by the Scanning Electron Microscopy
(SEM) technique showed the presence of macrocapsules and
microcapsules of PCMs. The diameters of the macrocapsules are
ranging between 50 μm and 200 μm and they present quite
spherical agglomerates composed of many thousands of micro-
capsules ranging between 5 μm and 10 μm (Fig. 1(a), and (b)). The
spherical shape appears sometimes somewhat deformed and not
very smooth. In addition, it was noticed that some macrocapsules
were initially damaged and even broken before their use. The
damage of PCMs can be initiated by the intensiﬁed shear forces
during the mixing process. It can be observed from the SEM results
(Fig. 1(c), and (d)) the emergence of many fragments derived from
broken PCMs as well as smaller microcapsules of diameter ranging
between 5 and 10 μm due to the deterioration of PCMs agglom-
erations after their damage.
3.2. Heat ﬂux, temperature peak
The endothermic segment of the DSC signal of damaged and
non-damaged PCMs, recorded at different scanning rates using the
same test sample mass of 12 mg, is presented in Fig. 2. Note that in
the case of damaged PCMs, the results were averaged over three
new samples recovered from the same lot of PCMs subjected to the
damage phenomenon. The results tests have shown a good
repeatability for both damaged and non-damaged PCMs. The
experimental dispersion of DSC measurements was less than 1%.
The average result over the different repeated tests is presented
here. Note that the minus sign in the DSC values is related to the
nomenclature of the International Confederation for Thermal
Analysis and Calorimetry (ICTAC) often used in the thermal
analysis.
One can notice that for the heating rates lower than 5 K/min,
the DSC curves for both damaged and non-damaged PCMs are
confused in the considered temperature range. However, when the
heating rate is higher than 5 K/min, a slight difference is noticed in
the heat ﬂuxes between damaged and non-damaged PCMs cases.
For illustration, a maximal deviation of 8.8% is recorded in the
peak temperature at the heating rate of 20 K/min between
damaged and non-damaged PCMs.
In addition, one can see that the peak related to the PCMs
phase change shifts to the higher temperatures when the heating
rate increases. This ﬁnding reﬂects the dependence relationship of
this parameter with the experimental conﬁguration: the higher is
the heating rate, the larger is the melting peak ΔTpeak. On the
contrary, the starting melting temperature T0, called also the
“Onset” is not affected by the scanning rate since this parameter
is a thermodynamic property inherent to the material and thereby,
independent of the experimental conditions. To gain a better
insight of the dependence of the PCMs melting peak on the
scanning rate, the peak temperature evolution is plotted in Fig. 3
with respect to the heating rate for both damaged and non-
damaged PCMs. One can see that the peak increases quite
proportionally with the heating rate. The intersection of the
tendency curves with the temperature vertical axis can be
approximated to the starting melting point (onset). The extra-
polated temperatures at β¼0 are 21.7 1C and 22 1C recorded
respectively for damaged and non-damaged PCMs. This means
that when the scanning rate is very slow (nearly zero), the peak
temperature tends to the onset. Note that this ﬁnding correlates
well with the results of [22] in which a relationship was estab-
lished to highlight the DSC kinetic effect on the peak temperature
Tpeak ¼ T0þ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2RfΔH
q ﬃﬃﬃﬃﬃﬃﬃ
mβ
p
ð4Þ
3.3. Speciﬁc heat of the non-damaged PCMs—determination of the
experimental parameters
3.3.1. “Fast” approach: DSC exploitation
In Fig. 4, the heat ﬂuxes values of non-damaged PCMs recorded
at T¼10 1C and T¼50 1C with different scanning rates are pre-
sented. Linear interpolation was used for the approximation of the
heat ﬂux with respect to the heating rate beyond the phase change
interval. Note that the temperatures of 10 1C and 50 1C, respec-
tively before and after the PCMs melting were considered such as
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Fig. 2. Evolution of the heat ﬂux vs. temperature for both damaged (continuous
blue line) and non-damaged (dashed red line) PCMs. Mass¼12 mg.
Fig. 3. Evolution of the peak temperature Tpeak vs. scanning rate for both damaged
(blue) and non-damaged (red) PCMs. Mass¼12 mg.
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Mass¼12 mg.
the heat ﬂux curves given in Fig. 2 are quite continuous and not
affected by the PCMs phase change. Based on Eq. (3), the derivative
of the heat ﬂux with respect to the scanning rate allows the
determination of the speciﬁc heat of the sample:
Cp¼ dΦ
dβ
ð5Þ
In this case, the speciﬁc heat of the sample can be evaluated by
calculating the slope of the heat ﬂux tendency curves beyond the
phase change range. The speciﬁc heats recorded at 10 1C and 50 1C
are respectively 2.22 J/g K and 1.8 J/g K. In the next section, these
values will be compared to the experimental results of the speciﬁc
heat measurements obtained by DSC.
3.3.2. Experimental approach: kinetic and mass effects
Fig. 5 presents the evolution of the speciﬁc heat capacity of
non-damaged PCMs during the endothermic process in the tem-
perature range 10 1C–55 1C with variable dynamic rates (0.5; 5;
20) and a constant sample mass (12 mg).
It can be noticed from Fig. 5 that the heating kinetic affects the
speciﬁc heat evolutions. In fact, the peak melting temperature is
shifted towards higher temperatures while the phase change peak
becomes larger when the heating rate in increased. This ﬁnding
can be explained by the increasing of the thermal gradient within
the sample and the reduction of the time necessary for the
material's transformation. Furthermore, given the low thermal
conductivity of PCMs (about 0.18 W/m K [14]), the sample needs
more time to reach the isothermal equilibrium state and therefore
more absorbed energy to achieve the phase change. Accordingly, a
slow scanning rate is needed in order to allow a faithful scanning
of the material with the higher resolution while ensuring the
thermal equilibrium condition within the sample [21]. In addition,
using small scan rates is coherent with the slow ambient rates
expected in buildings applications. Note that DSC measurements
with rates lower than 0.5 K/min were not possible since the signal-
to-noise ratio is reduced.
Table 1 presents the speciﬁc heat values measured experimen-
tally with different scanning rates in comparison with the values
of speciﬁc heat determined according to the aforementioned
method of Section 3.3.1 (Eq. (5)). Cp10 and Cp50 denote the speciﬁc
heats recorded respectively at T¼10 1C and T¼50 1C. Note that
only a deviation less than 1% is noticed between the experiment
and the suggested method for β¼0.5 K/min at T¼10 1C. However,
the discrepancies between the two methods are more important
for higher scanning rates. A deviation of nearly 18% is recorded for
β¼10 K/min at T¼50 1C, for instance. This ﬁnding let deduce that
the derivative method suggested for the determination of the
speciﬁc heat directly from the DSC signal is more suitable and
compatible for slow scanning rates. This means that one can
simply have a fast and good approximate value of the speciﬁc
heat only by the knowledge of the heat ﬂux at some low dynamic
rates avoiding by this way to follow the much-time consuming
conventional method for the speciﬁc heat measurement.
In the following, the speciﬁc heat average at solid and liquid
states, respectively denoted Cps and Cpl and the melting enthalpies
ΔHm are recorded in Table 2. The deviation given here is computed
with respect to the lower heating rate of 0.5 K/min.
It can be noticed from the results of Table 2 that the speciﬁc
heats before and after the phase change are very close for a given
scanning rate. The phase change enthalpy was classically obtained
by the computation of the Cp peak area delimited by the Cp curve
and the base line deﬁned by the sensible heat. Note that the value
of 102 kJ/kg obtained with the lowest heating rate (β¼0.5 K/min)
presents the best approximation with regards to the melting
enthalpy value of 100 kJ/kg given by the manufacturer.
Fig. 6 shows the speciﬁc heat of the PCMs measured with
variable sample masses (8 mg, 10 mg and 12 mg) and a constant
heating rate (0.5 K/min). The similar trends are observed in the
three curves. The results of speciﬁc heats at solid and liquid states
as well as the phase change enthalpies are summarized in Table 3.
It can be pointed out that the sample mass inﬂuences the
speciﬁc heats of PCMs analogically to the heating rate which let
suppose a kind of equivalence between the mass and heating rate
effects. It would be thought that by considering a small amount of
PCMs, the temperature homogeneity and the steady state would
be quickly and better reached. Nevertheless, it was noticed that
testing small masses of PCMs (mo8 mg) could raise a problem
since the signal-to-noise ratio becomes weaker which makes the
DSC signal undetectable by the machine. In our case, a melting
enthalpy of about 90 kJ/kg was recorded with a mass of 8 mg
versus 102 kJ/kg obtained by considering a sample mass of 12 mg.
A deviation of 10% is noticed between the melting enthalpy given
by the manufacturer and the one obtained by considering a small
mass of 8 mg. In addition, based upon previous research works,
one can notice that masses higher than 12 mg can be used for
PCMs measurements [21]. In the light of the above, the best
combination retained for the DSC measurements of PCMs is
(m¼12 mg, β¼0.5 K/min).
Fig. 5. Evolution of the speciﬁc heat vs. temperature, constant mass and variable
scanning rates (Case of non-damaged PCMs). Mass¼12 mg.
Table 1
Speciﬁc heats of non-damaged PCMs, recorded at T¼10 1C and T¼50 1C for
different scanning rates (Mass¼12 mg), comparison with the “fast” approach.
β (K/min)
0.5 5 10
Cp10 (J/g K) 2.2270.02 2.6470.08 2.6970.1
Deviation (%) 0.90 15.20 16.73
Cp50 (J/g K) 1.8070.03 2.2970.06 2.3670.09
Deviation (%) 7.22 15.72 18.22
Table 2
Speciﬁc heats and melting enthalpies of non-damaged PCMs (Kinetic effect,
mass¼12 mg).
β (K/min)
0.5 5 20
Cps (kJ/kg k) 1.870.02 2.370.05 2.470.08
Deviation (%) 27 33
Cpl (kJ/kg k) 1.970.01 2.270.08 2.070.07
Deviation (%) 16 5
ΔHm (k J/kg) 10270.03 96.570.07 84.670.09
Deviation (%) 9.5 20.7
3.4. Effect of damaging on the thermal properties
The plots of Fig. 7 present the evolution of the speciﬁc heat of
non-damaged PCMs in comparison with the damaged ones. One
can see that in the two conﬁgurations, the Cp tendencies are quite
the same, namely the damage of PCMs would have not inﬂuenced
the evolution of the speciﬁc heat versus the temperature. How-
ever, if we take a look at the quantitative analysis of the speciﬁc
heats values recorded in Table 4, one can see that the damaged
PCMs exhibit lower heat capacities than the reference ones. A
deviation of nearly 28% between the damaged and non-damaged
case is recorded in the estimation of the heat capacity of PCMs
before their melting. This result could be explained by the leakage
of the parafﬁn active compound from the capsules after the
damage of PCMs, for example and/or the deterioration of the
thermal transfer conditions due to the rupture of the shell
exchange surfaces which could be relevant to preserve the proper-
ties of PCMs and to ensure their stability from a thermal point of
view. It shall be emphasized that the thermal response of the PCM
samples is strongly dependent on the wax parafﬁn component and
that the contribution of the polymer shell is negligible because of
its small mass proportion in PCM, on the one hand and its lower
speciﬁc heat with regards to the wax on the other hand. This
ﬁnding highlights the damage effect of PCMs and the importance
to take it into account to faithfully estimate the PCMs thermal
properties. From an operational point of view, this means that by
introducing the PCMs at the ﬁrst stage of the mixing process
during the manufacture of the PCM-material, a loss in the energy
storage, gained both by sensible and latent heats of PCMs, could be
attained. Accordingly, the thermal inertia of the PCM-material
composite is deteriorated and the energy efﬁciency target is not
really achieved. Thus, it shall be emphasized that the processing of
the PCM-material shall be carefully planned and optimized.
4. Limitations
Some highlights are presented in this study but several limita-
tions can be noticed. To begin with, the signal-to-noise ratio makes
difﬁcult to perform DSC measurements with very small samples
masses and very low scanning rates. Measurements with mass and
dynamic rate lower than 8 mg and 0.5 K/min respectively were
practically impossible. The measurement accuracy can be lost in
these cases on the one hand, and the DSC tests are too much time
and energy-consuming on the other hand.
In addition, it could be questioned the damage level of PCMs
used in this study. Note that the PCMs tested herein were severely
damaged in order to better simulate the in-situ damage scenario
to which PCMs can be subjected when introduced at the beginning
of the concrete mixing process. Nevertheless, it shall be empha-
sized that even though PCMs were incorporated at the ﬁnal mixing
operation, the deterioration of some capsules could not be avoided
but the damage level is lower. Accordingly, it would be of interest
to further investigate this aspect in order to establish in the future
predicative relations allowing the determination of the thermal
performances of PCMs with respect to the damage scenarios or
levels which could result from the manufacture process of the
PCM-mixture.
Although the thermal aspect was only investigated in this
paper, it appears also necessary to study the mechanical behavior
of the PCM-material. What could be the effect of PCM damage on
the mechanical properties of the PCM-material? Would the
leakage of parafﬁn and its potential interaction with the surround-
ing matrix affect the mechanical strength, for instance? Research
works are now in progress to further analyze the thermo-hydro-
mechanical behavior of the PCM composite for a better under-
standing of their energy efﬁciency potential.
5. Conclusions
In this study, experimental parameters for the PCMs testing
were optimized through a DSC thermal investigation of their
properties. It was shown in this framework a “fast” approach
Fig. 6. Evolution of the speciﬁc heat vs. temperature, constant scanning rate.
β¼0.5 K/min.
Table 3
Speciﬁc heats andmelting enthalpies of non-damaged PCMs (Mass effect, β¼0.5 K/min).
Mass (mg)
8 10 12
Cps (kJ/kg k) 1.170.04 1.270.02 1.870.01
Cpl (kJ/kg k) 1.170.08 1.170.06 1.970.01
ΔHm (kJ/kg) 8970.09 9270.07 10270.02
Fig. 7. Speciﬁc heats: comparison between damaged and non-damaged PCMs.
β¼0.5 K/min, mass¼12 mg.
Table 4
Comparison damaged and non-damaged cases (β¼0.5 K/min, mass¼12 mg).
Deviation of the damaged PCMs compared to the non-damaged PCMs.
Cps (kJ/kg k) ΔHm (kJ/kg) Cpl (kJ/kg k)
Damaged PCMs 1.2970.05 9070.02 1.5970.38
Non-damaged PCMs 1.870.18 10270.01 1.970.06
Deviation (%) 28 12 16
allowing a good approximation of the speciﬁc heats by the direct
exploitation of the DSC heat ﬂux curve. This method based on the
derivation of the DSC signal assumes that a steady state and a
thermal homogeneity are reached in the sample. For this purpose,
both scanning rate and sample mass have to be well controlled to
faithfully reproduce the thermal characteristics of the material. In
addition, in order to evaluate the potential deterioration of PCMs
which could occur during the PCM-concrete manufacture (by
mixing, for example), a comparison was presented between
damaged and non-damaged PCMs on the basis of their thermal
properties. It was highlighted through this study that the damage
of PCMs can exhibit negative effects on the thermal storage
capacity of PCMs and therefore the overall modiﬁed composite.
Losses of 28% and 16% were recorded in the speciﬁc heats of PCMs,
respectively in solid and liquid states. Accordingly, an overestima-
tion of the thermal efﬁciency of PCMs can be made if the materials
damage is not taken into account. This work opens promising
paths and prospects to: (i) further investigate the damage of PCMs
from a quantitative and qualitative point of view with regards to
the PCM-mixture manufacture, (ii) better understand the thermal
behavior and long-term efﬁciency of damaged PCMs, on the one
hand and their effective contribution for the enhancement of the
thermal energy storage capacity of the PCM-concrete on the
other one.
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